Geochemical analyses of the middle Eocene through lower Oligocene lithologic Unit IIIC (260-518 meters below seafloor [mbsf]) indicate a relatively constant geochemical composition of the detrital fraction throughout this deposi tional interval at Ocean Drilling Program (ODP) Site 647 in the southern Labrador Sea. The main variability occurs in redox-sensitive elements (e.g., iron, manganese, and phosphorus), which may be related to early diagenetic mobility in anaerobic pore waters during bacterial decomposition of organic matter. Initial preservation of organic matter was me diated by high sedimentation rates (36 m/m.y.). High iron (Fe) and manganese (Mn) contents are associated with car bonate concretions of siderite, manganosiderite, and rhodochrosite. These concretions probably formed in response to elevated pore-water alkalinity and total dissolved carbon dioxide (C0 2 ) concentrations resulting from bacterial sulfate reduction, as indicated by nodule stable-isotope compositions and pore-water geochemistry. These nodules differ from those found in upper Cenozoic hemipelagic sequences in that they are not associated with methanogenesis. Phosphate minerals (carbonate-fluorapatite) precipitated in some intervals, probably as the result of desorption of phosphorus from iron and manganese during reduction.
INTRODUCTION
A total of 117 samples of predominantly grayish-green, mid dle Eocene through lower Oligocene, nannofossil claystone and clayey nannofossil chalk from lithologic Unit IHC (260-518 mbsf; Cores 105-647A-28R through -54R) in Hole 647A were collected for inorganic geochemical and stable isotopic analy ses. The samples were collected initially for the following pur poses:
1. To document possible changes in the geochemical compo sition of sediments and stable isotopic compositions of calcare ous biogenic components in response to changes in paleocli matic and ocean circulation during the late Eocene to early Oli gocene at high northern latitudes.
2. To document the composition of unusual authigenic nod ules and/or beds in lithologic Unit IIIC.
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RESULTS

Carbon and Carbonate Data
Concentrations of organic carbon (OC) and carbonate car bon (CC) are shown plotted vs. depth, core recovery, age, and lithologic units in Figure 1 . The scale is the same as that of the geochemical plots that follow (Figs. 2 through 7) . The samples cover the middle Eocene through lower Oligocene interval, en compassing lithologic Unit IIIC but not including the biogenic silica-rich interval that constitutes lithologic Unit IIIB.
The OC content of most samples is low, below 0.5 wt%, and the average for lithologic Unit IIIB is about 0.25 wt%. The CC is highly variable (multiply CC by 8.33 to obtain approximate CaC0 3 content; see first column, Fig. 2 , and last column, Table  1 ), and highest values correspond to intervals in which carbon ate nodules or concretionary layers occur. The relative abun dance of such intervals also is plotted in Figure 1 .
Inorganic Geochemistry
The concentrations of major-element oxides plotted in Fig  ure 2 are from XRF analyses, except for the five samples having high concentrations of Fe and Mn, for which no XRF analyses exist (Table 1 ). There are no Si0 2 results for these five samples, but the Si0 2 concentrations are estimated at 10% to 12%, based on the A1 2 0 3 concentrations and the Si0 2 /Al 2 0 3 ratios of adja cent samples. Trace elements are grouped in Figures 3 through 6, according to similarities of patterns of the downhole plots. The concentration plots for chromium (Cr), lithium (Li) , vana dium (V), scandium (Sc), and lead (Pb) (Fig. 3) all have similar patterns that are also similar to those of the major elements rep resentative of a detrital fraction (e.g., A1 2 0 3 and Ti0 2 , Fig. 2 ), indicating that these trace elements are primarily associated with the clastic (clay) fraction. The concentration plots of the rare-earth elements (REE) cerium (Ce), lanthanum (La), neo dynium (Nd), yttrium (Y), and ytterbium (Yb) (Fig. 4) are simi lar to one another and resemble the downhole plot of P 2 0 5 (Fig.  2) , suggesting that the REEs mainly are associated with one or more phosphate minerals, at least where the peaks of higher concentration are concerned.
The downhole plot of strontium (Sr) concentration (Fig. 5 ) parallels that of CaO (Fig. 2) , indicating that Sr probably was substituted for Ca in one or more Ca-bearing mineral phases. However, the Sr and CaO concentrations do not always corre late with those in the downhole plot of CaC0 3 (Fig. 1) . The concentration of CaC0 3 was calculated by assuming that all of the CC was derived from CaC0 3 (CaC0 3 = CC X 8.33). How ever, as we discuss later, this assumption is not always true for the present set of samples. In most other data sets of carbonaterich, deep-sea sediments and rocks that we have analyzed (e.g., Dean and Parduhn, 1984; Arthur et al., 1987) , the concentra- tion of CaC0 3 also can be calculated from the total Ca concen tration (CaC0 3 = Ca x 2.5) with excellent agreement using CaC0 3 concentration calculated from the CC concentration. Again, this assumption does not always work for the Site 647 samples.
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Trace elements having downhole concentration patterns that are not obviously related to those of any other trace, minor, or major element include barium (Ba), thorium (Th), gallium (Ga), niobium (Nb), cobalt (Co), copper (Cu), nickel (Ni), and zinc (Zn) (Figs. 5 and 6 ).
To examine more objectively the relationships among elements and to determine groupings of samples based on their chemistry, we performed a Q-mode factor analysis using the extended CAB-FAC computer program of Klovan and Miesch (1976) . Before conducting the factor analysis, concentrations of all oxides and elements were transformed to proportions of the total range for each oxide and element. As a result of the transformation, all data were expressed on a scale of 0.0 to 1.0. After trying several different sets of reference axes in multidimensional space and different numbers of reference axes, we finally chose four or thogonal reference axes that maximize the variance of the trans formed data in each dimension (four-factor varimax solution). The four-factor model accounted for more than 60% of the var iance in the scaled data for 22 elements, with an average of 92%. The four-factor model explained less than 30% of the var iance in the scaled data for Ba, Co, Cu, Ga, Nb, Ni, Th, and Zn, which are the same elements that have unique downhole concentration patterns (Figs. 5 and 6 ). These eight elements were not included in the final Q-mode analysis. Basically, the four-factor Q-mode model reduced 22 measured variables (ele ment concentrations plus LOI) to four "composite" geochemi cal variables. The intensities of the composite geochemical vari ables are the factor loadings. The loadings for each of the four factors are plotted vs. depth below seafloor in Figure 7 .
The factor loadings describe the relative importance of each composite chemical variable (factor) for each sample, but give no indication of which elements had the most influence on de termining each of the four factors. For example, Samples 43-4-25 (409.55 mbsf), 46-5-111 (440.91 mbsf), 51-4-68 (487.28 mbsf), and 53-4-79 (506.45 mbsf) have the highest loadings for factor II, and these samples are clearly different from all other sam ples, but the loadings do not indicate what actual geochemical characteristics (element concentrations) had the most influence on distinguishing these samples from the others. To determine which elements had the most influence on which factor, the fac tor loadings for each sample were treated as composite chemical variables, and correlation coefficients were computed between the loadings and the 23 observed compositional variables. Re sults of the correlation analysis are given in Table 2 . Table 2 shows that the elements that had the most influence on grouping samples in factor I are Al, Si, Cr, Ti, K, V, Li, Pb, Sc, and Na, in that order of importance (i.e., order of decreas ing correlation coefficients). These are the elements that typi cally have a lithophile association (e.g., Goldschmidt, 1954) ; therefore, samples with high loadings for factor I have the great est relative abundance of detrital clastic material.
Factor II is distinctly dominated by four samples, with mod erate loadings for a few additional samples (Fig. 7) , all in the lower one-half of lithologic Unit IIIC. Factor II samples are characterized by high concentrations of phosphorus and the REEs of Nd, Y, Ce, Yb, and La (Table 2 ). Figure 7 shows that most samples have high loadings for fac tor III, which is the carbonate factor determined mainly by con centrations of Ca and Sr (Table 2 ). Factor IV, like factor II, is
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V)
.a "Q. The raw data plots (Figs. 1 through 6 ), particularly the plots of factor loadings (Fig. 7) , show that most samples from litho logic Unit IIIC consist mainly of detrital clastic material plus varying amounts of CaC0 3 . That the clastic fraction is fairly typical of average crustal material is shown by Table 3 , which compares the Carbonate-free concentrations of elements in a typical sample from Unit IIIC (Sample 36-4-68) with those in average crust and average deep-sea clay. The most striking fea tures of the downhole plots, however, are the horizons having distinctly different chemical characteristics because of high con centrations of one or more REE-bearing phosphate minerals and/or high concentrations of one or more Mn-, Fe-, and Mgbearing minerals. Results of the Ca and CC analyses show that the phosphate mineral is indeed calcium phosphate (carbonatefluorapatite as determined by X-ray diffraction [XRD] , Tables 4  and 5 ) and the Mn-, Fe-, and Mg-bearing minerals are one or more phases of carbonate, which XRD analysis confirmed was rhodochrosite, siderite, and manganosiderite. We mentioned earlier that for most deep-sea carbonate sediments or rocks we obtain essentially identical results for the percentage of CaC0 3 calculated from total Ca and from CC. For the Site 647 sam ples, however, neither method gives correct results for all sam ples because of excess Ca from the apatite and excess CC from Mn-Fe-Mg carbonate. The difference between the two methods is shown in Figures 8 and 9 . Figure 9 is a downhole plot of CaC0 3 computed from CC-CaC0 3 computed from Ca. The differences plotted in Figure 9 and the analytical results can be used to calculate the amount of apatite present, and the amount and molar proportions of cations in the Mn-Fe-Mg carbonate. For example, Sample 43-4-25 (409.55 mbsf) contains 31.3% CaO (= 22.4% Ca), 14.8% P 2 0 ? (= 6.45% P), and 2.9% CC. Assuming that all of the P is in simple calcium fluorapatite (Ca 5 F[P0 4 ] 3 ) with a molar Ca:P ratio of 1.67, then 14.0% Ca is in apatite, and the amount of apatite in the sample is 35%. If all of the residual Ca (8.4%) is assumed to be in calcite, then the computed percentage of CaC0 3 is 21%, which compares with 24% computed from CC.
As an example of a Mn-Fe-Mg carbonate, Sample 38-6-67 (364.6 mbsf) contains 31.5% Fe 2 0 3 (22% Fe), 12.9% MnO (10% Mn), 6.9% CaO (6.9% Ca), 1.6% P 2 0 5 (0.7% P), and 8.55% CC. Assuming that all of the P is in apatite with a Ca:P ratio of 1.67, and all of the residual Ca and all of the Mg, Mn, and Fe are in one carbonate mineral, then the formula for this carbonate mineral is: Most of the other Fe-and Mn-rich samples have similar molar proportions of the four divalent cations.
The occurrence of these apparently authigenic carbonate and phosphate minerals seems anomalous for a primarily pelagic sedimentary sequence. However, the relatively high sedimenta tion rate (about 36 m/m.y.) over part of the sequence is more in dicative of a hemipelagic regime, one in which suboxic to anoxic early diagenesis could induce substantial redistribution of or ganic-associated and redox-sensitive elements. In addition, there ppm Ga ppm Nb is a potential for hydrothermal geochemical influx, at least in the lower part of the sequence. These possibilities are examined further in a later section of this chapter. Unfortunately, it is not possible to sort out the effects of diagenesis on primary geo chemical signals related to paleoenvironment.
X-Ray Diffraction Results
Selected bulk samples, which had anomalous geochemical characteristics and which corresponded to levels of nodular or concretionary mineral layers, were analyzed using conventional XRD techniques (Table 5) , as were a few of the "normal back ground" samples. The results generally confirm our inferences based on the geochemical data-specifically the elements Ca, Fe, Mn, Mg, P, and inorganic C. The most abundant authigenic carbonate phase is siderite or manganosiderite, typically charac terized by broad peaks (Fig. 10) , suggesting a phase intermedi ate in composition between siderite and rhodochrosite. No at tempt was made to examine samples for compositional zoning because bulk sediment samples were ground for analysis. The broadened peaks possibly represent a number of discrete phases, with earliest precipitates having higher Mn contents and later precipitates having nearly pure siderite, as observed for some concretions from lower in the Eocene by Bohrmann and Thiede (this volume). Some samples consist of nearly pure siderite, but there appears to be no significant downcore trend in mineral dominance (Tables 4 and 5 ). In Cores 112-647A-43 and -46, nearly pure carbonate-fluorapatite concretions were detected on the basis of XRD (Fig. 10 ) and the anomalously high phosphate concentrations.
Stable Isotope Results
Oxygen Isotopes
Carbon and oxygen isotopic analyses were conducted on sev eral species of benthic and planktonic foraminifers from a se quence at Site 647 spanning the late Eocene to early Oligocene. Results of these analyses are shown in Tables 6 and 7. Table 6 is a tabulation of visual preservation and abundance data for the samples selected for foraminifers.
Oxygen isotope values of planktonic foraminifers Globigerina eoceana and Catapsydrax unicavus exhibit a slight enrich ment of about 0.5%o in values of S 18 0 from the middle Eocene to early Oligocene. G. eoceana has S 18 0 values ranging from -1.80 to -0.84%o, and C. unicavus is characterized by values of -1.84 to -0.54% 0 . These 5 18 0 values (Fig. 11 ) are in agree ment with the oxygen isotope values of mixed planktonic fora minifers of the same age from nearby Site 112 (W. Curry and K. Miller, pers, comm., 1989) . Similar but slightly greater enrich ments have been reported at numerous other Eocene/Oligocene sequences worldwide and have been interpreted to represent ei ther a global cooling of several degrees or an expansion of conti nental ice volume (e.g., Shackleton and Kennett, 1975; Keigwin, 1980; Keigwin and Corliss, 1986; Miller et al., 1987; Boersma et al., 1987) .
No consistent difference exists in 6 18 0 between G. eoceana and C. unicavus at Site 647, in contrast to what was observed in low-to mid-latitude sequences (Keigwin and Corliss, 1986 ). This suggests either that the species maintained similar depth habi tats, or as is the case for high latitudes in the modern ocean, the vertical temperature gradient in Labrador Sea surface waters Table 3 . Concentrations of major-element oxides and trace elements in average upper continental crust (Wedepohl, 1971) , average deep-sea clay (Chester and Aston, 1976) was minimal at this time. Converting the oxygen isotope values to paleotemperature would indicate a range of 16° to 20°C for the Labrador Sea, depending on whether ice-free conditions are assumed. Although broken shells are common, visual and scan ning electron microscope (SEM) examination showed that the preservation of the planktonic foraminifer shells was good, with little or no sign of infilling and/or external overgrowth. (Miller et al., 1987; Keigwin and Corliss, 1986) . However, farther below, in the up per Eocene part of the sequence, a progressive downcore deple tion occurs in the oxygen isotopic values of the benthic foramin ifers. From 285 to 400 mbsf, the 5 18 0 of both Oridorsalis spe cies and Cibicidoides decrease by more than 4%o. Other species of benthic foraminifers, Nutallides truempeyi, G. subglobosa, and Stilostomella exhibit similar depletions, although not so large.
A puzzling aspect of these more negative oxygen-isotope val ues is that the 5 18 0 values of planktonic foraminifers remain more-or-less constant throughout the interval in which the val ues of benthic foraminifers decline. If interpreted in terms of temperature, the negative 5 18 0 gradient from surface to bottom would imply an inverted density gradient, with much warmer bottom waters. Because these environmental conditions seem unreasonable, differential diagenesis must be responsible for the observed isotopic trends. The depleted values of the benthic for aminifers indicate that recrystallization, or carbonate cementa tion, may have occurred within the benthic foraminiferal tests. Visual examination of the benthic foraminifers revealed some signs of carbonate overgrowths, but most samples are reasona bly well-preserved (moderate to good). The planktonic foramin ifers display few signs of cement overgrowth. Why such selective diagenesis occurred is unclear at this time. The tests of benthic foraminifers tend to be more robust and coarsely crystalline; whereas, tests of calcareous nannofossils and planktonic fora minifers are generally more porous, fine-grained, and solution susceptible. If substantial dissolution/recrystallization did oc- cur, the solution-susceptible planktonic tests may be the pri mary source of carbonate, while the interior and exterior walls of benthic tests are the selective sites for cement precipitation. Of the benthic foraminifers, Oridorsalis species and Cibicidoides consistently display the lightest values, suggesting that of the benthics these species provide the most favorable sites for cement precipitation.
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Carbon Isotopes
As with the oxygen isotopes, the carbon isotopic composi tion of the planktonic foraminifers is little affected by diagene sis. Samples of both C. unicavus and G. eoceana have S 13 C val ues of 0.50 to 0.75%o from the middle Eocene, again with no discernable difference between the species. A slight decrease in 6 13 C can be measured from the middle to upper Eocene parts of the seafloor, where the average values of planktonic foramini fers are less than 0.25%o (Fig. 11) .
The carbon isotopic composition of the benthic foraminifers is progressively more negative from lower to upper Eocene at Site 647 (Fig. 11) . The measured S
13
C values for all species range from -0.7 to +0.5%o in the lower Eocene and from -2.0 to -0.3%o in the upper Eocene, with Oridorsalis consistently yield ing the lightest values. The carbon isotopic compositions of Nutallides and Cibicidoides overlap upsection and are on average 1.0%o heavier than those of Oridorsalis.
Comparatively heavier 5
13 C values, in the range of -0.25 to 1.5%o, have been reported for various species of benthic fora minifers from other Eocene pelagic sequences located in the equatorial Pacific (Keigwin, 1980) , south Atlantic, eastern In dian Arabian Sea (Keigwin and Corliss, 1986) , and the Bay of Biscay (Miller et al., 1985) . In addition, the records at these lo cations give no indication of a depletion in the deep-water mass carbon isotopic composition during the middle to late Eocene. This discrepancy may arise from one of several factors as out lined below. The interstitial waters of the upper few centimeters of the substrate at this particular location could have been character ized by substantially lighter carbon isotope compositions. Ben thic foraminifers inhibiting shallow levels in the sediment could then have precipitated carbonate in equilibrium with a lighter total dissolved carbon source. This would have occurred if the amount of isotopically light OC accumulating and decaying within the substrate were higher here than elsewhere (e.g., McCorkle, 1987) . Productivity (OC flux), sedimentation rate, and/ or the oxygen levels of the deep-water mass all have a bearing on the preservation of OC in the sediments. It is difficult to deter mine which of these parameters exerted the greatest influence of OC accumulation rates here, but sedimentation rate may have had the most influence. Neither carbonate nor biogenic opal ac- Figure 11 . Stable isotope data, discrete planktonic and benthic foraminifer separates, and whole-rock samples (see key and Table 7 ) from Hole 647A.
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cumulation rates are excessively high in the Eocene sequence, indicating that primary production may not have been particu larly high. The average sedimentation rates for the Eocene and Oligocene at Site 647, however, exceed 36 m/m.y., a relatively high rate. This may have enhanced the initial amounts of OC buried here (e.g., Muller and Suess, 1979) , in comparison with other regions having similar OC rain rates but lower rates of sediment accumulation. As for the deep-water mass paleo-oxygen levels, the substantial numbers of agglutinated benthic fora minifers suggest that concentrations were low (see Kaminski et al., this volume) . If so, the oxidation of OC before burial may have been somewhat reduced. An alternative, or possibly complementary, explanation for the more negative carbon compositions, is that the 6 13 C values of the benthic foraminifers were altered during diagenesis. This would require that during the process of dissolution/recrystalli zation, a source of isotopically light dissolved carbon (derived from degradation of OC) be present. The diagenetic process could have occurred soon after burial when significant quanti ties of OC were still available, but the lighter oxygen-isotope Table 7 . Stable-isotope results from planktonic and benthic fora minifers and bulk samples. -68-3, 74-76 68-3, 74-76 68-3, 74-77 30-1, 51-53 36-4, 42-44 36-4, 42-44 38-6, 67-69 43-4, 25-27 46-5, 111-113 48-1, 7-9 50-4, 32-34 51-4, 68-70 51-4, 68-70 51-6, 83-83 52-2, 10-12 53-4, 79-81 values suggest somewhat deeper burial diagenesis, as discussed below.
Bulk Sample Analyses
Stable isotope analyses were also conducted on a limited number of bulk samples. The oxygen isotopic composition of these samples shows considerable variation with depth, similar to that observed in the benthic-foraminiferal isotope record. The heaviest measured values occur in the lower Oligocene part of the sequence, where a single sample at 279.91 mbsf yielded a 51 8 0 value of -0.32%o. The gradual depletion in bulk-sample oxygen isotope composition occurs from 300 to 400 msbf, with a trend similar to that recorded by the benthic foraminifers. Be low 400 mbsf, bulk-sample 5
18 0 values vary between -3.57 and -1.38%o, with the lighter values generally corresponding to the lighter benthic foraminiferal values. The correspondence between bulk-sample and benthic foraminifers records suggest that burial diagenesis affected the isotopic composition of the benthics, as well as the bulk carbonate (mainly fine fraction).
A simple model can be constructed that constrains the timing and conditions under which burial diagenesis here may have oc curred. Using a slightly modified equation of Killingley (1983) and assuming a closed system, a set of simple equations can be derived to calculate the "final" composition of the recrystal lized carbonate (5 18 O r _ f ), as well as the overall effect on the bulk-carbonate composition (5 18 O b _ f ), if the initial composition of the carbonate is known or can be estimated.
In these equations, 5 18 O ft _, is the initial composition of the bulk carbonate and R is the percentage of the bulk carbonate that undergoes dissolution and/or recrystallization. The initial com position of the interstitial waters, 5 18 0 (M , is derived from analy ses of Zachos and Cederberg ( Fig. 12A and this volume) , which show a -0.88%o (SMOW)/100 m gradient at this site. The ini tial bottom-water oxygen isotopic composition is assumed to be 0%o (SMOW). The number of moles of carbonate, M c , and in terstitial water, M iw at the site of recrystallization, were deter mined using wet bulk density (WBD) (Srivastava, Arthur, et al., 1987) and percent carbonate (% CaC0 3 ) data ( Fig. 1; Table 1 ) in the following equations:
where P, porosity at the time of diagenesis, was estimated using a compaction equation (5) in which P 0 is the original porosity at the time of deposition, c is the compaction factor, which is a function of the major sediment components, and z is the depth of burial. Model calculations were performed assuming that the sediment is 40% carbonate by weight. The fractionation factor a, for calcite-water at a given temperature, was obtained from Friedman and O'Neil (1977) and T, the ambient temperature of the system at the time of diagenesis, was determined using the thermal gradient for this region of 7.4°C/100 m (Srivastava, Arthur, et al., 1987) . The initial temperature was assumed to be near that of bottom waters (< 10°C for late Eocene to present). The model was run for varying degrees of recrystallization (Fig. 12B ) using two different initial 5 18 0 compositions for the bulk carbonate. The first model was run assuming a modern 5 18 0 composition for bulk carbonate ( + 0.5 in Fig. 12B) , with an initial temperature of 5°C for bottom water. The second run was conducted assuming (1) that the bulk-carbonate composi tion is equal to that of nannofossil-carbonate, which makes up more than 95% of the carbonate, and (2) that the isotopic com position of the nannofossils is equal to that of carbonate se creted in isotopic equilibrium at ambient surface-water tempera tures at the time of formation in the Eocene (-1.0 in Fig. 12B ). There are few available temperature estimates for Eocene sur face waters in this region, but we assumed a temperature of 16°C, based on temperature estimates for surface waters in other early to late Eocene regions of the North Atlantic (Miller et al., 1987) .
This model predicts the expected range of isotopic composi tions that could be obtained theoretically for variable amounts of recrystallization and a range in burial depths. If we compare the model curves with data from Site 647, we discover that less than 50% of the original carbonate in bulk samples at 400 mbsf needed to recrystallize in equilibrium with interstitial waters to produce the observed 6 ls O composition of -4.0%o. The same oxygen isotopic composition at shallower buried depths would require a greater percentage of the carbonate to have undergone recrystallization. If we assume that most of the diagenesis oc curred between 300 and 400 mbsf, from 50% to 75% of the original carbonate must have dissolved and reprecipitated as ce ment to obtain S 18 0 values of -4.0%o. This approach assumes that most of the diagenesis occurred at some threshold depth at which carbonate instability was reached instantaneously. Although this probably is unrealistic, the model does help to constrain the conditions under which diagenesis occurred.
Whereas the 5 18 0 trends for bulk samples are easily ex plained in terms of burial diagenesis, the 5 13 C record requires a more complicated interpretation. Most of the samples have 5 13 C values of -2.0 to 1.0%o, but extremely light values in the range of -7.0 to -6.0%o were recorded for a number of bulk samples from discrete intervals. The more negative 5 13 C values occur in intervals where high concentrations of siderite and rhodochrosite were observed. Both minerals tend to precipitate at the boundaries of reducing zones, where an ample supply of Fe, Mn, and carbonate ions are available. The carbon isotopic com position of pore-water total dissolved carbonate in OC-rich sed iments is more negative than that in average seawater, mainly due to the addition of isotopically light C0 2 derived from de caying organic matter. As a result, authigenic carbonate miner als formed during early diagenesis would be isotopically light, compared to biogenic carbonate. This conclusion is discussed later in the context of the depositional regime that prevailed at Site 647 during the Eocene/Oligocene.
DISCUSSION
There are several anomalous aspects to the geochemistry of the hemipelagic sequence at Site 647. In particular, we noted in-tervals of high Fe, Mn, P 2 O s , and associated elements, which are related to authigenic carbonate and apatite precipitates. The origin of these and other geochemical characteristics of the Eocene-Oligocene sequence is discussed below.
The diagenetic precipitation of Fe and Mn-carbonate minerals in Tertiary hemipelagic sediments is not that unusual. Dissemi nated and nodular siderite has been described from the late Paleogene and Neogene from a number of DSDP sites in the west ern North Atlantic (Sites 102, 104-Lancelot et al., 1972; Site 533-Matsumoto, 1983; Site 603-von Rad and Botz, 1986) and Pacific (Middle America Trench: Wada et al., 1982; Japan Trench: Matsumoto and Matsuhisa, 1986) . These occurrences are in hemipelagic sequences characterized by high rates of deposition and preservation of sufficient organic matter to promote total consumption of dissolved sulfate by bacterial sulfate reduction, followed by strong methanogenesis (e.g., von Rad and Botz, 1986; Matsumoto, 1983; Claypool and Kaplan, 1984) . Dolomite occurs in many of the same sediments that contain siderite. Matsumoto (1983) argued that dolomite precipitation occurs at relatively shallow depths in the Blake-Bahama Outer Ridge (Site 533) during late stages of sulfate reduction and early methano genesis, followed by authigenic siderite at greater depth within the sediment. Similar results were obtained for Japan Trench sediments using oxygen and carbon isotope constraints (e.g., Irwin et al., 1977; Okada, 1980; Wada and Okada, 1983; Mat sumoto and Matsuhisa, 1986) .
The growth of Fe and Mn authigenic phases clearly requires the elevated alkalinity, CO3
-and TC0 2 concentrations that ac company extensive degradation of organic matter, as well as a source of soluble Fe and Mn that are released under low redox conditions. Siderite precipitation also implies available Fe in ex cess of that necessary to form pyrite from the dissolved sulfide that results from bacterial sulfate reduction.
Timing and Geochemical Conditions of Precipitation
The carbon and oxygen isotopic compositions of discrete carbonate nodules provide constraints on the timing of precipi tation and origin of the authigenic Fe-Mn carbonates (e.g., Irwin et al., 1977; Gautier, 1985) . Carbon isotopic compositions of the homogenized nodules (no attempt was made to examine possible zonation of nodules in this study) range between -2 and -6%o (PDB). These values indicate that carbonate ion was drawn from a somewhat 13 C-depleted pore-water carbon reser voir that resulted from oxidation of organic matter. Pore-water dissolved sulfate concentrations (Zachos and Cederberg, this volume) reach a minimum at 500 mbsf but do not decrease be low about 13 mmol/L. Thus, sufficient reactive organic matter may have been available to promote consumption of initial dis solved oxygen and partial bacterial sulfate reduction, but me thanogenesis may never have occurred. This was confirmed when monitoring of head-space gas during drilling at Site 647 de tected no methane (Srivastava, Arthur, et al., 1987) . Present sedimentary organic carbon contents are generally low, ranging from 0.2 to 0.5 wt% (Fig. 1) . Because there was insufficient pore water with which to determine total dissolved inorganic carbon (TDC) or 5 13 C TDC , we must estimate the 5 13 C TDC on the basis of a ASO^ of about 15 mmol/L, assuming a ASO4": HCO3 ratio of 1:2 (TDC increases in proportion to the sulfate decrease) during sulfate reduction and a -22% 5 13 C value for the largely marine organic matter undergoing oxidation. The calculated minimum pore-water 6 13 C TDC value is about -20%o. Therefore, it is likely that the authigenic Fe-Mn carbonates pre cipitated during early diagenesis, before the main phase of bac terial sulfate reduction, or that the Fe-Mn carbonates are a par tial replacement of preexisting calcium carbonate having ini tially heavier S 13 C. The S 18 0 values of the nodular carbonates have a range of -1.30 to -3.50%o (PBD) ( Table 7) . Using these data to estimate temperatures of formation is difficult because oxygen-isotopic fractionation factors between water and siderite and phosphoric acid and siderite have only recently been experi mentally determined (Carothers et al., 1988) . The isotope frac tionation effects of bonding of different metals with carbonate also have been estimated theoretically (Tarutani et al., 1969) , and Sharma and Clayton (1965) reported the fractionation fac tor for rhodochrosites. Siderite should be about 0.9%o to 1.5%o heavier than coexisting calcite; whereas, rhodochrosite should be similar in composition to coprecipitated calcite. Using an as sumed 5 18 0 of Eocene seawater of -1.2%o (SMOW; pre-glacial), the estimated temperature range for siderite or rhodochro site precipitation would be 28° to 30°C. Estimated bottom-wa ter temperatures for the Atlantic Ocean during the mid-to-late Eocene range from 8° to 12°C (e.g., Shackleton, 1986; Miller et al., 1985) , so that the <5 18 0 data from the nodules suggest pre cipitation following some burial. Pore water S 18 0 at Site 647 (below about 300 mbsf) is presently about -3%o (SMOW; Zachos and Cederberg, this volume), which at in-situ temperatures of about 35°C, would produce siderite with a 6
18 0 of about -5 to -6 %o (PDB). Therefore, the authigenic carbonate nodules formed at shallow depths of burial, perhaps no more than 100 to 200 m. Separation of pure mineral phases for isotopic studies was not possible, and one must keep in mind that we analyzed only mixtures, which precludes a more detailed interpretation of the 5
I8 0 values at this time.
Whereas previous research suggests an association of Fe-and Mn-carbonates with methanogenesis, our data from Site 647 in dicate that such geochemical conditions are not a prerequisite (see also Suess, 1979) . However, there is little doubt that such mineralization is more extensive in methane-associated settings, which may be true for anoxic dolomites as well (e.g., Kelts and McKenzie, 1982) .
One can see by inspection that the highest Fe/Al ratios ( Fig.  13 ) occur in the intervals of documented increase in the relative abundance of concretions or nodules and that some, but not all, of the high Fe/Al ratios correspond to intervals of higher Fe/Mn as well. We would expect redox separation of Fe from Mn, as it has been described from many modern environments (e.g., Froelich et al., 1979; Li, 1982) . Because of the effect of di lution of Al by higher carbonate contents and because both Fe and Mn are incorporated in the carbonate phases in varying amounts, we have also plotted the moving correlation coeffi cient for the relationship between Fe/Al and Fe/Mn ratios in Figure 13 . The correlation coefficients indicate variation mainly between intervals of strong negative (r = -0.65) and relatively, strong positive (r = 0.60) correlation. Over much of the se quence (260-415 mbsf; 465-485 mbsf) variations in Fe and Mn concentrations may be positively correlated, even though the Fe/Mn ratio varies considerably. A few intervals of generally positive Fe/Al-Fe/Mn correlation (415-465 mbsf and >500 mbsf) are mainly characterized by lower concentrations of Fe and Mn overall. These are most likely the "source" intervals from which the necessary "excess" Fe, and particularly excess Mn, migrated for precipitation as authigenic phases. Coarse grained, initially more carbonate-rich beds may have catalyzed precipitation. We were unable to confirm this by examining the cores, but the need for some sort of coarser-grained nucleation site was postulated by Pederson and Price (1982) for more re cent nonmethane-associated manganese-carbonates of the Pan ama Basin. Bohrmann and Thiede (this volume) examined FeMn carbonates from deeper in the sequence in Hole 647A (Cores 105-647A-62 through -71) and found that they commonly occur as precompaction burrow-filling cements and that Mn is more important than Fe in cation substitution into the authigenic car bonate phases. Iron concentrations are higher on average in the lower part of lithologic Unit III that we analyzed, and in nodu-M. A. ARTHUR ET AL. lar or concretionary horizons in general, than they are in the Unit IV samples analyzed by Bohrmann and Thiede (this vol ume). Although those authors hypothesized that possible hydrothermal oxyhydroxides were a source of excess Mn and Fe for lithologic Unit IV, our geochemical data for Unit III do not re quire a significant hydrothermal flux. The average or baseline Fe/Al ratio ( Fig. 13-see arrow) is similar to or only slightly Feenriched, compared to that in abyssal red clay of the recent North Atlantic (V26-157; Table 3 ). However, the average Mn concentration in "background" samples at Site 647 (Table 3) is higher by a factor of four on a carbonate-free basis and the Mn/Al ratio higher by a factor of five. This might suggest some additional hydrothermal flux to the site, and other indications of this might appear in the geochemical data. For example, Fig  ure 14 is a comparison of the geochemistry (carbonate-free) of 99 background (nonconcretionary, good correspondence between CC as CaC0 3 and Ca as CaC0 3 ) Site 647 samples with that of modern northern Atlantic abyssal red clay. This diagram illus trates that Mn, Co, Ca, and Ba are somewhat enriched at Site 647, which could also be related to a minor hydrothermal detri tus flux (see below). Phosphate is also enriched in some of the concretionary horizons (Figs. 3 and 15 ) and occurs as a discrete authigenic apatite phase. The origin of the P enrichments is probably related to desorption of P from Fe-Mn oxyhydroxides during chemical reduction and dissolution of those phases (e.g., Froelich et al., 1979) . Sr is relatively enriched in carbonatephosphatic nodules (Figs. 13 and 15 ), but not in the Fe-and Mn-rich carbonates. Because the Sr/Ca ratio in pore waters in creases with depth (Zachos and Cederberg, this volume), the in- Si02/AI203 Ti02/AI203 Na20/K20 Ce/La creased Sr/Ca ratio in some nodules may indicate later-stage precipitation.
GEOCHEMICAL EXPRESSION OF EARLY DIAGENESIS IN MIDDLE EOCENE-LOWER OLIGOCENE SEDIMENTS
Other Geochemical Signals
Major-element aluminum ratios (Fig. 15 ) overall exhibit little change from the base to the top of the sequence. However, there are several important trends to note. The Si/Al ratio varies from above 4 in the middle Eocene (430-525 mbsf) to a low of about 3.5 at the middle/upper Eocene boundary and fluctuates some what above that level to a high centered at about 310 mbsf. For this study our samples were collected from well below the lower Oligocene biogenic opal-rich sequence (above 240 mbsf)-How ever, it is likely that the Si/Al variations reflect changes in the original amounts of biogenic silica in the Eocene, suggesting that the mid-middle Eocene and latest Eocene were times of higher surface-water opal production. Our data confirm and amplify the conclusions of Bohrmann and Stein (this volume) and Nielsen et al. (this volume) , who used visual and geochemi cal and X-ray mineralogical techniques, respectively. On the ba sis of these studies, most of the original opal may have dissolved and reprecipitated as authigenic smectite or opal CT. The Mg/ Al ratio concentration is also relatively constant (Fig. 15) , with the exception of high Mg spikes that are associated with Fe-Mn carbonate horizons. Mg probably was substituted in the lattice of these carbonates. However, no discrete dolomite was detected in our X-ray mineralogical studies.
Ce/La and Li/Al ratios decrease gradually upsection (Fig.  15 ). This is interesting in light of the possible decreasing impor tance of a minor hydrothermal component. However, Li con centrations in pore waters also increase downhole (Zachos and Cederberg, this volume), so that the prevalence of authigenic smectite formation in the lower part of Unit III and in Unit IV (Bohrmann and Stein; Nielsen et al., this volume) might explain the higher sediment Li/Al ratios. Concentrations of Li and REEs, as well as those of Mn, V, Zn, Ni, and Cu are relatively enriched in comparison to Atlantic red clays (Fig. 14) . Higher Ba and Co concentrations would result from somewhat higher productivity and organic-associated fluxes in the Eocene at Site 647 in comparison to the central North Atlantic Ocean today. Biogenic detritus, particularly marine particulate organic mat ter, incorporates or absorbs trace elements (e.g., Bostrdm et al., 1974; Collier and Edmond, 1974) as do fine-grained clay miner als (e.g., Balistrieri et al., 1981) . At this point, it is difficult to separate the potential variations in sediment adsorption capac ity in this clay-rich sediment (e.g., Balistrieri and Murray, 1984) from potential hydrothermal sources.
Finally, Ti/Al, Na/Al, and Na/K ratios increase significantly above 320 mbsf (uppermost Eocene). This may reflect an in crease in average sediment grain-size (Nielsen et al., this vol ume) and increasing feldspar and detrital clay proportions as opposed to smectite, related to climate deterioration and an in crease in bottom-current strength near the Eocene/Oligocene boundary.
CONCLUSIONS
The geochemistry of background sediment of lithologic Unit III at 647 of middle Eocene to lower Oligocene age is remark ably constant and similar to that of modern Atlantic red clay, which has a distinctly terrigenous geochemical composition. Nonetheless, the high sedimentation rates (average 36 m/m.y.) over this interval (260-515 mbsf) led to some initial preservation of organic matter and to anoxic early diagenesis and sulfate re duction. Sulfate reduction led to reduction of Fe and Mn oxyhydroxides, to increased pore-water alkalinity and TC0 2 and to higher pore-water phosphate concentrations, all of which al lowed precipitation of authigenic Fe-Mn carbonates and apatite at a number of horizons in the sequence.
Because of this early diagenesis, there may be no opportu nity to unravel paleoenvironment changes from the stable iso topic composition of biogenic carbonate phases. In particular, although benthic foraminiferal preservation visually is moder ate-to-good over most of the sequence, both oxygen and carbon isotopic compositions indicate significant burial diagenesis. Such pronounced alteration was unexpected in such shallowly buried, relatively clay-rich and organic carbon-poor sediments.
The geochemical data suggest that there was a possible mi nor hydrothermal component to the sediment, the proportion of which wanes through time and distance from the potential source. Concentrations of Mn, Co, Cu, and Ba are higher than expected for a purely terrigenous source, and the relatively high Li/Al and Ce/La ratios may indicate a hydrothermal compo nent as well. Si/Al ratios are high in upper middle Eocene and upper Eocene portions of the sequence, confirming biogenic opal flux to the seafloor at those times, which are inferred to have been characterized by higher paleoproductivity. Average Na/K ratios are constant through the sequence, except near the top of Unit IIIC, where the ratio increases significantly. This oc curs in conjunction with an increase in the relative proportion of silt-sized sediment and in feldspar concentrations, which sug gest that the feldspar is a more sodium-rich variety.
Future more-detailed geochemical studies and comparison of units above and below Unit IIIC will help elucidate the ques tion of the importance of a hydrothermal source for some sedi mentary components.
